THE DETERMINATION AND MONITORING of glomerular filtration rate (GFR) are essential when phenotyping animal models or assessing toxicity of novel chemical or medical agents. Especially in mice the measurement of GFR using bolus or constant infusion clearance techniques is difficult and cumbersome (14) . For blood sampling during bolus clearance experiments for instance, the tail or saphenous vein has to be punctured seven times within 75 min (4, 14) . This procedure is stressful for conscious animals, as they have to be restrained repeatedly. Blood sampling without anesthesia, however, is essential to avoid an anesthesia-related decrease in GFR (2, 6) .
Plasma creatinine is often used as surrogate marker of renal function. Recent findings, however, revealed that ϳ50% of the excreted creatinine of male mice and ϳ35% of the excreted creatinine of female mice is secreted by the tubules rather than filtered by the glomeruli (4) . Due to these findings and problems related to creatinine assays (7) , plasma creatinine has to be regarded as a poor marker of renal function in mice.
Several approaches for a transcutaneous measurement of GFR have been developed (3, 10 -13, 15-19, 21) . All of them allow the measurement of GFR without blood and/or urine sampling and are based on the elimination kinetics of fluorescent exogenous markers. None of these approaches, however, allows measurements in conscious mice.
Here we describe a method permitting the measurement of GFR in conscious mice. This approach is an extension of our previously published method used in rats (19) . The new technique is based on a miniaturized device equipped with an internal memory allowing the transcutaneous measurement of the elimination kinetics of the fluorescent renal marker FITCsinistrin (10 -12, 17-19 ). This device is described, and the validity of the transcutaneous compared with the plasma clearance is proven in healthy, unilaterally nephrectomized (UNX) and pcy mice (20) .
MATERIALS AND METHODS
Device. The miniaturized instrument (Fig. 1) is built up from two light-emitting diodes with an emission maximum for FITC at 470 nm (KPTD-3216QBC Kingbright Electric) and a photodiode detecting the fluorescent light with a maximum sensitivity at 525 nm (EPD-525-1-0.9 -1; EPIGAP Optoelektronik; Fig. 1 ). To select the appropriate wavelength, three filter layers are placed in front of the photodiode (767 Oklahoma Yellow; Ͼ500 nm; Lee Filters). After highly sensitive amplification and digitization (16 bit) , the data are stored in the internal memory of the microcontroller (MSP430f2013 Texas Instruments; maximum storage capacity 256 data points). After the measurement the data set is downloaded to a PC (via USB), where the kinetic parameters are determined. For use in conscious mice, the energy is supplied by a small lithium polymer rechargeable battery.
FITC-sinistrin. Sinistrin is the active pharmaceutical ingredient of the commercially available GFR marker Inutest (Fresenius Kabi, Linz, Austria) used in human and veterinary medicine. The labeling reaction has been described elsewhere (10 -12) By improving the control of the chemical synthesis, the fluorescent yield of the FITC-sinistrin (Mannheim Pharma & Diagnostics, Mannheim, Germany) could be increased by a factor of four compared with previous studies (17, 19) . FITC-sinistrin is highly soluble in aqueous solvents at room temperature. Moreover, no dialysis of the substance before the experiment is necessary to eliminate unbound FITC as described for FITC-inulin (14) (for additional data about the purity of FITC-sinistrin see APPENDIX) .
Proof of principle. For validation, bolus clearance experiments were performed in conscious mice (C57Bl/6 -129 SV; n ϭ 8), prior and 3-4 days after UNX (n ϭ 8) and pcy (20) mice (nephronophthisis; n ϭ 6). All animal experiments were approved by the local ethics committees (Regierungspräsidium) responsible for the participating institutions.
To compare both the transcutaneous and the plasma measurements, the conscious mice have to be restrained seven times for the blood sampling (4, 14) . In the restrainer, a transcutaneous measurement was not possible, as the device would have been pressed against the wall of the restrainer resulting in signal artifacts. Therefore, the GFR measurements with the two techniques were performed on consecutive days in the same animals.
Plasma clearance. While the animals were under short isoflurane (Abbott Laboratories, Abbott Park, IL), anesthesia FITC-sinistrin (5.6 mg/100 g body wt dissolved in NaCl 0.9%) was injected. Blood samples (ϳ5 l) were collected by puncturing the tail vein 3, 7, 10, 15, 35, 55, and 75 min after injection. The measurements in plasma were performed for 75 min to replicate established protocols (4, 14) . The mice were repeatedly placed into a restraining tube for each blood sample. The fluorometric measurement was conducted using a Nanoquant plate (Tecan Group, Männedorf, Switzerland) and a fluorospectrometer (Tecan Group) at an excitation wavelength of 470 nm and an emission wavelength of 520 nm. For the measurement, the plasma was diluted with 500 mM HEPES (pH 7.4). Quantification was achieved by using FITC-sinistrin standard curves.
Transcutaneous bolus clearance. While the animals were under isoflurane anesthesia a part of the back of the mice was depilated. Afterwards the device was fixed on this region using a double-sided adhesive patch (Lohmann, Neuwied, Germany). The device was started to measure the background signal for 1 min before the FITC-sinistrin (15 mg/100 g body wt dissolved in NaCl 0.9%) was injected. Measurement time was 60 min with a measurement interval of ϳ14 s. In respect to signal-to-noise ratio, the transcutaneous measurement was stopped after 60 min.
GFR calculation. GFR was calculated from FITC-sinistrin plasma clearance using an established two-compartment model (4). Transcutaneous GFR was calculated using the half-life derived from the rate constant (␣ 2) of the slow, single exponential; excretion phase of the excretion curve (Fig. 2) and a semiempirical conversion factor (17) . The mouse specific conversion factor was established using an equal procedure as previously described for rats, however, using twocompartment plasma GFR values as basis (17) . This leads to a reduced conversion factor, reflecting estimated distribution volume, compared with the factor described for rats (17) . For plasma clearance, GFR was also calculated from the half-life derived of the slow, single exponential excretion phase from the two-compartment model and the mouse specific conversion factor. 
Urinary recovery of FITC-sinistrin in mice.
Recovery of FITCSinistrin in urine has been shown in rats previously (10) . To ensure urinary excretion in mice, recovery experiments were performed in C57BL/6 mice (n ϭ 3). The animals were anesthetized (Sevofluran, Baxter, Deerfield IL), the urinary bladder was catheterized, and FITC-sinistrin was injected. Urine samples were collected via the catheter at time points 5, 10, 15, 30, 45, 60, 75, and 90 min after injection. Excreted FITC-sinistrin was quantified fluorometrically after dilution of the urine 1/400 with 500 mM HEPES (pH 7.4).
RESULTS AND DISCUSSION

Urinary recovery of FITC-Sinistrin in mice.
Urinary recovery of FITC-sinistrin in the three examined mice was 101.1 Ϯ 2.3% of the injected dose. Complete urinary recovery of FITC-sinistrin indicates exclusive renal excretion.
Method comparison of GFR measurements obtained transcutaneously and in plasma.
The results of the GFR measurements assessed transcutaneously and in plasma in three animal models are summarized in Table 1 .
The mean GFR values of the plasma clearances and the transcutaneously assessed GFR are highly comparable in the three animal groups. Also, the GFR values assessed 3-4 days after UNX with ϳ70% of the baseline values are reasonable. A recovery of GFR to ϳ70% of baseline 3-4 days after UNX is also documented for rats (5) . The results are even more convincing as similar results are obtained with the three calculation methods.
In Fig. 3 , direct comparisons of the transcutaneous and the plasma clearance based GFR measurements of the single animals are depicted.
In Fig. 3A , major differences between the transcutaneous and the two-compartment plasma clearance GFR in some animals can be noted. In part, this discrepancy can be assigned to a day-to-day variability of the GFR and the more robust curve fitting procedure using the transcutaneous method (19) . Another factor contributing to the weak correlation might be the strong dose dependence of the classical plasma clearance techniques as GFR ϭ dose/area under curve (9) . In an one-compartment GFR assessment, area under curve is determined as y-axis intercept of the extrapolated single exponential slow decay part divided by ␣ 2 . For this reason, a linear behavior between ␣ 2 and one-compartment plasma clearance GFR is expected, if the volume of distribution of the animals is comparable. However, as seen in Fig. 3B , the one-compartment A typical example of a transcutaneously measured FITC-sinistrin kinetic with its characteristic rising phase () followed by a single exponential decreasing phase (OE) is depicted in A (17, 19) . Black solid line represents the single exponential fitting with its slope ␣2 (excretion rate). Corresponding kinetic measured in plasma is given in B. A fast initial distribution phase () is followed by a characteristic excretion kinetic. Exponential regression curve is fitted to the slow, single exponentially decreasing part of the curve (solid line) with its slope ␣2 (OE). Semilogarithmic plotted plasma excretion kinetic shows an switch into the single exponential renal related excretion phase ϳ15 min after FITC-sinistrin injection. Therefore, the single exponential fit for the transcutaneous assessment of glomerular filtration rate (GFR) was also started 15 min after FITC-sinistrin bolus injection. Values are means Ϯ SD. GFR, glomerular filtration rate; healthy and unilaterally nephrectomized (UNX), C57Bl/6 -129 SV mice; pcy, mouse model of nephronophthisis (20) . plasma-clearance GFR values can vary tremendously at virtually equal ␣ 2 values. The dose dependence is especially pronounced in mouse experiments, as extremely small volumes (Ͻ 0.1 ml) have to be injected. Thus minor errors in the injected volume or concentration of the injected fluid have a huge impact on GFR. By using the same approach for plasma GFR assessment as used for the transcutaneous measurement based on t 1/2 and the introduced conversion factor, this error can be reduced as shown in Fig. 3C and the narrower 95% limit of agreement in the Bland-Altman plot shown in Fig. 3E compared with Fig. 3D .
The theoretical background of rate constant-based GFR assessment and the transcutaneous measurement is beyond the scope of this technical note; the interested reader is referred to recent literature (1, 9, 17, 19) .
The transcutaneous measurement was tolerated well by all animals. After the recovery phase from the isoflurane anesthesia (present in both approaches), no impact of the device on the movement or behavior of the mice was observed. This observation indicates that the stress level of the mice is lower compared with the classical plasma clearance methods requiring repeated restraining and vessel puncture.
The strong movements of the mice during the recovery from excitation phase of isoflurane anesthesia led to pressure-related measurement artifacts during the first 1-3 min of the transcutaneous measurement. This made a two-compartment fit of the transcutaneously assessed data as published for rats impossible (19) . Therefore, a one-compartment model for the transcutaneous GFR assessment was applied (17) . As with the transcutaneous approach no tail vein punctures are needed, repetitive GFR measurements can be performed within a short period of time in the same animal. Moreover, fibrotic changes and vessel stenosis/obstruction due to repeated punctures are avoided (8) .
In summary, we present a new technique allowing the determination of renal function in freely moving mice without blood or urine sampling as well as without laboratory assays. The technique is validated against a classical plasma clearance in healthy, UNX, and pcy mice.
APPENDIX: PURITY OF FITC-SINISTRIN
The purity of FITC-Sinistrin in respect of unbound FITC was checked by thin layer chromatography as well as by high-pressure liquid chromatography (Fig. A1) .
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